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Background
In the pig, intramuscular fat content (IMF) is considered to play a key role in organoleptic meat quality [1] . The increase of IMF is associated with an improvement in consumer perception of texture and taste [2] . Thus, in Large White and Landrace breeds, increasing IMF content, at least in the Longissimus dorsi muscle, is considered as highly desirable. Additionally, not only the amount of IMF has to be considered but also fatty acid composition, which is known to affect human health and also technological quality of fresh meat and sensory quality of pig meat products.
The existence of a gene with a great effect on IMF content was postulated by segregation analysis [3] in a Chinese European population. The gene, named MI, has a recessive allele (imf) that increases IMF content and originates from the Chinese Meishan breed. Duroc pigs, as well as Meishan pigs, are known for their high IMF content [4] . Moreover, in contrast to the Chinese pigs, Duroc animals have good performances of growth and body composition [5] . A previous analysis indicated the presence of a major gene affecting IMF content in Duroc population [6] .
More recently, studies involving Duroc pigs have demonstrated the existence of a quantitative trait locus (QTL) affecting IMF located on chromosome 6 [7] [8] [9] but without mentioning a significant dominant/recessive effect. Other locations have also been reported for QTL affecting IMF content in different breeds [10] [11] [12] .
The objective of the present work was to test the presence of a major gene affecting IMF content in a Duroc population using segregation analysis. Furthermore, molecular analysis has been performed on the same experimental animals in order to locate the putative gene on the pig genome and map QTL affecting fatty acid composition. For that purpose, an F2 resource population was created from Large White and Duroc pigs and measured for IMF characteristics.
Results

Segregation analysis
Segregation analysis, either with or without transformation of the data, revealed the presence of a recessive allele with a major effect on IMF content ( Table 1 ). The mean difference between homozygous was estimated to be 1.5%, i.e. 2.1 phenotypic standard deviations. It should be noted that correction for skewness strongly decreased the likelihood ratio. When data were transformed, likelihood ratio was indeed 12 times lower and not significant anymore. The difference between homozygous dropped to 0.86% (1.2 phenotypic standard deviations). Estimated genotype frequencies revealed that only half the F1 breeding animals were heterozygous.
Detection of QTL
QTL analyses showed 3 chromosome-wide QTL affecting IMF content on chromosomes 1, 13 and 15 ( Table 2) . On SSC1, the allele responsible for an increased IMF content was dominant and from Large White origin. For the other two QTL on chromosomes 13 and 15, alleles responsible for an increased IMF were recessive and from Duroc origin. The favourable effect was of the same range for the three QTL. Table 3 shows the location of significant QTL (at least at the chromosome-wide level) and their genetic effects on fatty acid composition. Only 4 QTL out of 47 were significant (P < 1%) at the genome-wide level, 3 located at similar positions on chromosome 14. The effect of alleles appeared to be additive. The Duroc/Duroc homozygous pigs had a lower percentage of C16:1, a higher percentage of C18:0, a higher percentage of saturated fatty acids and a higher chain length coefficient. The presence of pleiotropic QTL remains to be tested. QTL (p < 0.1% at the chromosome-wide level) were also found on chromosomes 7, 9, 10, and 15.
Discussion
Segregation analysis
The segregation analysis results illustrated the lack of robustness of segregation analysis in the presence of a skewed distribution. However, the decreased power of the analysis after the Box-Cox transformation has already been demonstrated [13] . The recessive allele, detected in the Duroc breed, had the same characteristics as the one detected in Meishan pigs [3] . The difference between homozygous pigs, obtained from non-transformed data, was indeed 2.1%, i.e. close to the value obtained here (1.5%).
Detection of QTL
The detection of 3 QTL with effects of the same magnitude (difference between homozygous = 0.49, 0.43 and 0.44 phenotypic standard deviation for SSC1, SSC13 and SSC15, respectively) was unexpected. Moreover, one of the QTL was found to have a Large White favourable and dominant allele. The segregation analysis suggested the existence of only one large QTL with a favourable and recessive Duroc allele. In the segregation analysis, only 3 out of the 6 sires were probably heterozygous for the putative major gene. From these 3, 2 were also found heterozygous in the QTL detection. Boar 4 was not found heterozygous in the segregation analysis but was found to be heterozygous for both loci on SSC1 and SSC15 which showed opposite effects depending on the breed origin. Thus, it seemed that the major gene detected with the segregation analysis corresponded to the 2 QTL detected on chromosomes 13 and 15. The characteristics estimated from the QTL analysis were consistent with the segregation analysis even though their individual effects were weaker than the effect estimated previously. In a similar way, Janss et al (1997) [3] did not locate one single QTL affecting IMF content in their crossbreeding experiment. If they evidenced one major gene by segregation analysis, afterwards they located several small QTL with reduced individual effects.
The chromosome 1 QTL could not have been detected by segregation analysis because only one boar could be considered as heterozygous for this QTL, which was also heterozygous for the QTL on SSC15.
These QTL locations did not correspond to QTL locations generally reported in the literature for related traits. QTL mapping involving the Meishan breed located QTL for intramuscular fat content on SSC2, SSC4, SSC6, SSC7 and SSCX [10, 12, 14] . Two studies involving the Duroc breed [7, 8] did not evidence a Duroc recessive allele because they involved backcross design. A QTL was located on chromosome 13 in an F2 Meishan × Duroc population [14] , at position 117 cM with a favourable recessive Duroc allele (additive effect = 0.95%). Stearns et al (2005) [15] evidenced a QTL on chromosome 13 with an additive effect at 88 cM, the allele inherited from the Duroc line being associated to higher lipid content. Rohrer et al (2005) [16] also mentioned a suggestive QTL (without any further details) for intramuscular fat content on chromosome 13 in a Duroc × Landrace F2 population at 53 cM. They reported, at the same location, a dominant QTL for moisture content, with the Duroc allele associated to lower moisture content. Knowing the high negative correlation between moisture and lipid content, it should be assumed that for lipid content, the QTL would also be dominant with a Duroc allele associated with a higher intramuscular fat content. Additionally to the present study, extensive muscular characteristics were measured on a subset of F2 animals with extreme IMF content [17] . The two groups essentially differed by the number of muscular adipocytes. Previously, it was observed that Duroc and Landrace pigs might show clear differences in peroxisome proliferator-activated receptor gamma (PPARγ) expression [18] . Furthermore, the PPARγ gene maps to porcine chromosome 13 [19] . Unfortunately, Grindflek et al (2004) [20] did not evidence any association between PPARγ polymorphism and IMF content, but the studied populations would fail to fit an association with a recessive Duroc allele. Kim et al (2004) [21] studying Landrace, Large White, Duroc, Berkshire and synthetic Duroc × Large White populations failed to find any polymorphism Maximum likelihood ratio significant at the 5% (+) or 1% (++) at the chromosome-wide level in the PPARγ gene. However, these authors suggested an association between marbling score and polymorphism in the GHRL gene, mapped close to PPARγ on chromosome 13, in a Berkshire population.
Considering the two QTL located on SSC1 and SSC15, some studies with different breeds showed similar results. A partially dominant Yorkshire allele with an increasing effect on IMF content has been detected in an F2 Berkshire × Yorkshire population. It was located on chromosome 1, at 16 cM [22] . As shown by [16] on SSC4 in a Landrace × Duroc crossbreeding, recessive allele associated with high intramuscular fat content could also be found in Landrace. Two QTL affecting IMF content were located on chromosome 15, at 42 and 57 cM, in an F2 wild boar × Large White cross [23] . For that QTL, the dominance effect was very low and as expected the Large White allele increased IMF content.
The most significant QTL were linked to fatty acid composition. Location of several QTL was to be expected considering the high heritability values of fatty acid traits [24] . Previous studies reported QTL on fatty acid composition measured in the backfat [25, 26] but the present study is the first one to present QTL on fatty acid composition measured in pig meat. In [25] , QTL were found on chromosomes 4, 6, 8, 10 and 12. In [26] , they found QTL on chromosomes 1, 2, 3, 4, 5, 6, 9, 14, 15, 16, 17 and X. Considering the low genetic correlations between muscle and backfat characteristics [24] , QTL were expected to be different. As mentioned by [27] in pigs, fatty acid composition is altered by food composition. The polyunsaturated linoleic and α-linolenic fatty acids cannot be synthesised in situ, thus tissue concentrations respond rapidly to dietary changes. In contrast, saturated and monounsaturated fatty acids are de novo synthesised, hence their concentrations are less readily influenced by diet. Fatty acid compo-sition is also influenced by genetic background. Duroc pigs have a higher concentration of saturated and monounsaturated fatty acids than Landrace pigs [28] . QTL located on SSC14 showed an increase of saturated fatty acids associated with a Duroc allele. Interestingly, a suggestive QTL located on the same chromosome affecting monounsaturated fatty acid showed a Duroc allele associated to a lower concentration of monounsaturated fatty acids. A model fitting one pleiotropic or two QTL should be performed to determine if this is the same QTL. On SSC13, close to one of the IMF QTL, the suggestive QTL affecting the concentration of monounsaturated fatty acids showed a Duroc allele associated to a favourable but recessive effect. The existence of one or two different QTL has to be tested. Location of the QTL detected on SSC12 should be considered with cautious because no genotype information was available at the extreme of the chromosome.
Influencing fatty acid composition could be of interest considering pork nutritional quality, especially those influencing mono-and polyunsaturated fatty acids. It is known that a higher percentage of polyunsaturated fatty acids leads to a meat of inferior quality. This might be related to softness and oxidation phenomena, producing off-flavours and rancidity in meat. From a dietary point of view, a lower percentage of saturated fatty acids is considered as beneficial, because the main fatty acids behind the 
Conclusion
The present study indicated a complementary approach of a segregation analysis and a QTL detection to seek out genes involved in the higher IMF content observed in the Duroc population. Discrepancy between both methods might be partially explained by the existence of at least two QTL with the same properties located on two different chromosomes for which different boars were heterozygous. The favourable and dominant allele detected in the Large White population was completely unexpected.
In both populations, the favourable alleles inducing high IMF content were not fixed. Improving IMF by fixing favourable alleles using markers can then be applied both in Duroc and LW populations. However, a more accurate location should be performed before. Additionally, this study provided for the first time evidence for QTL on mus-cle fatty acid composition, with leads to modify both IMF content and monounsaturated fatty acid percentage.
Methods
Animals
An F2 cross between Duroc and Large White pigs was performed at the INRA experimental farm of Le Magneraud (Charente-Maritime, France). A total of 204 Duroc pigs (117 boars and 87 sows) issued from the nucleus herd of Selpa (Alliers, France) was measured for IMF content. Among these Duroc animals, 8 boars with high IMF content values (from 3.3 to 5.8%) were selected and mated to 37 Large White sows (F0 generation). Among F1 animals, 10 sires and 32 dams were randomly selected to produce the next generation. Each F1 dam produced 3 litters with the same boar and a total of 775 F2 pigs were generated. All the F2 piglets were weaned at 28 days of age and placed in post weaning collective pens until 10 weeks of age. Intramuscular fat measurements IMF content was measured in Duroc, F1 and F2 animals. At a live weight of 70 kg, a muscle sample was taken by biopsy from the longissimus dorsi muscle at the level of the last rib. Lipids were extracted from 1 g samples [29] and weighed. IMF content is expressed in g/100 g muscle. All analyses were done in duplicate. Mean results from the two samples analysed were used for statistical analyses ( Table 4 ).
Distribution of adjusted intramuscular content in the F2 Duroc × Large White population
The fatty acid composition of lipid fractions was determined by gas-liquid chromatography of methyl esters [30] . Fatty acid composition was expressed in % total fatty acids. The following parameters were calculated from fatty acid composition:
-the sum of saturated, monounsaturated and polyunsaturated fatty acids;
-the ratio of polyunsaturated fatty acids to saturated fatty acids;
-the unsaturation coefficient defined as the average number of double bounds of unsaturated fatty acids;
-the chain length coefficient calculated using the formula Σp i c i /100 where p i and c i are respectively the percentage and the number of carbon atoms of each fatty acid i;
-the ratio of n-6 fatty acids to n-3 fatty acids.
Molecular analyses
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Statistical analyses
Prior to segregation (without marker information) or QTL detection (with marker information) analyses, intramuscular fat content and fatty acid composition traits were adjusted for the effects of contemporary group, sex and age at biopsy with the GLM procedure of SAS [31] .
First, a segregation analysis was applied to adjusted data [32] . A description of the model used and the details on calculations are given in Sanchez et al. [33] . Briefly, this method was based on the comparison of the likelihood of the data under a mixed model (H1: a major gene + polygenes) and under a polygenic model (H0). We assumed that the data originated from independent sire families.
The major gene was modelled as an autosomal biallelic (A and B) locus with Mendelian transmission probabilities. Three genotypes could thus be encountered: AA, AB and
BB.
Under H1, the model depended on 7 parameters: µ AA , µ AB and µ BB (genotype means), σ g and σ e (genetic and residual standard deviations, respectively), P AA and P AB (genotype frequencies). H0 was a sub-hypothesis of H1 and was given by µ AA = µ AB = µ BB = µ 0 . Under H0, the model thus depended on 3 parameters (µ 0 , σ g and σ e ). The test statistic was a likelihood ratio l = -2 ln (M0/M1) where M1 and M0 were the maximised likelihoods under H1 and H0, respectively. We supposed that the likelihood ratio was asymptotically distributed as a χ 2 with 4 degrees of freedom [34] .
The F2 distribution of adjusted IMF content appeared strongly skewed (Figure 1, 6) . A skewed distribution is indeed expected in F2 when a major gene is segregating with non-additive effect. However, skewness may lead to a false inference of a major gene [13] . In order to resolve between skewness of the trait and segregation at a major locus, penetrance functions were written under H0 and H1 using a Box-Cox transformation [35] . The transformation parameters were estimated jointly with the other model parameters, under both H0 and H1 hypotheses. In order to test the effect of the Box-Cox transformation on segregation analysis results, segregation analysis was also performed without Box-Cox transformation.
Second, interval mapping analyses were performed to detect QTL using molecular information on adjusted data, with the QTLMAP software developed at INRA [36] . For successive locations, the hypothesis of one QTL (H1) in segregation at the given position was compared to the hypothesis of no QTL (H0) on the chromosome. The model assumed that alternative QTL alleles A and B were fixed in each founder population. Performance distribu-tions were modelled within families, allowing heterogeneity of variance between sire families. Under the H1 hypothesis, a QTL with additive and dominance effects was fitted to the data, so that means of trait distributions depending on the QTL genotype were estimated: µAA, µAB, µBB. Likelihoods were maximised under each hypothesis, and a likelihood ratio test (L-ratio) was computed for each position tested. Significance thresholds were empirically determined at the chromosome level, by performing simulations under H0, using the assumption of a polygenic infinitesimal model [36] . A total of 5,000 simulations were achieved for each chromosome, and an approximate Bonferroni correction was applied to obtain genome-wide significance levels.
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